Introduction
============

Idiopathic pulmonary fibrosis (IPF) is a fatal interstitial lung disease which is characterized by rapidly progressive scarring of the lung tissue, together with exacerbated fibroblast proliferation, excessive accumulation of matrix proteins, and destruction of alveolar structure [@B1], [@B2]. All those changes will gradually result in loss of lung function and, ultimately, respiratory failure. IPF is an age-related disease with a poor prognosis, and the median survival of IPF patients from disease diagnosis to death is usually no more than 3 years [@B2]. The exact etiology of IPF is still unclear and there are limited proven treatment options. Current therapies such as anti-inflammatory, immunosuppressive, or anti-fibrotic methods showed no promising results to halt the progression of the disease or to improve the quality of life [@B3]. Therefore, it is urgent to further investigate the pathophysiological mechanisms and explore novel therapeutic strategies for treating PF.

Recent studies showed that renin angiotensin system (RAS) is involved in the progression of PF evidenced by angiotensinogen (AGT) genes polymorphism association with PF, and its overexpression in those patients with PF [@B4], [@B5]. After cleaved by angiotensin converting enzyme (ACE), angiotensin (ANG) I turns into ANG II. The activated ANG II answers for up-regulating transforming growth factor-β (TGF-β) which is pivotal in modulating the differentiation of fibroblast to myofibroblasts [@B6]. Moreover, ANG II is also believed to associate with inflammatory responses and cell apoptosis during the progress of various lung diseases [@B7], [@B8]. Recent discovery of a homologue of ACE, named ACE-2, and its enzymatic product ANG-(1-7) could counter the detrimental effects of ACE and offer beneficial effects by limiting ANGII accumulation during kinds of pathophysiological processes [@B9]-[@B11]. Studies also demonstrated that ACE-2/ANGA (1-7) plays a key negative regulatory factor for severity of lung edema and acute lung failure [@B12], [@B13]. Recently, the protective effects of ACE-2/ANG-(1-7) during the progression of PF were increasingly being investigated [@B14]-[@B16].

Our previous studies have shown that a traditional Chinese herbal abstraction, Tanshinone IIA (TIIA), exerted significant protective effects on lung injury induced by lipopolysaccharide (LPS) and hypoxic hypertension [@B17], [@B18]. In the present study, we explored TIIA\'s protective effects by employing a PF model of rat, and the ACE-2/ANG-(1-7) axis was investigated. In the present study, TIIA was shown to be effective on halting the development of PF, which may via the ACE-2/ANG-(1-7) axis. This study provided new insights into the mechanisms underlying the lung beneficial effects of TIIA and may offer new targets for treating PF.

Materials and Methods
=====================

Experimental groups
-------------------

All procedures involving animals were approved by the Animal Care and Use Committee of the Fourth Military Medical University and complied with the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1996). Male Sprague-Dawley rats (body weight 224±15 g) from the animal center of the Fourth Military Medical University (Xi\'an, China) were used for all the experiments in this study. Rats were randomly divided into 1) control group, n=10, 2) BLM group, n=10, and 3) BLM+ TIIA group, n=10, total 3 groups. After being anesthetized, the rats were weighted and BLM (Sigma Aldrich, St. Louis, MO) administered intratracheally at a dose of 5 mg/kg, the volume of BLM was 50μl. TIIA (25 mg/kg) was administered intraperitoneally daily until 28 days after BLM was given for 1 hour. Control animals were injected intratracheally with 50 μl of sterile saline of 0.9%. BLM and saline was given for only once.

Lung coefficient analyses
-------------------------

Lung coefficient \[weight of wet lung (mg) / body weight\] is an index for evaluating lung edema. In a word, at the end of each time point (7 days, 14 days, and 28 days, separately), rats were anesthetized and sternotomy surgery was performed, and lungs were then carefully obtained. After the lungs were cleaned with cold PBS solution, the lungs were sipped by filter paper and the lung coefficient was calculated. Part of the right lungs were cut for next histological assays and the remained were maintained in a -80℃ freezer for next analyses.

Lung histological assays
------------------------

After being taken out, the lungs were dissected into 3-mm-thick slices at the same part (the lower lobe of the right lungs) and fixed in 10% formaldehyde. Then the lungs were embedded in paraffin and sectioned into 4-μm-thick sections. Hematoxylin and eosin staining (HE) and Trichrome Masson\'s staining were performed. Aiming to evaluate the collagen and fibrosis changes during PF, a modified picrosirius procedure based on the classic sirius red staining was performed [@B19], [@B20]. In brief, after regular deparaffinization and rehydration, the lung specimens were immersed in 1% phosphomolybdic acid for 5 min and then covered with 0.1% (w/v) sirius red F3B (Sigma-Aldrich, St. Louis, MO, USA) in saturated picric acid solution for 1 h at room temperature. The specimens were mounted after being dehydrated and cleared in xylene. The specimens were analyzed by using a light microscope (Olympus BX50, Tokyo, Japan) under normal and polarized light obtained with polarizing filters (Olympus U-ANT, Tokyo, Japan) in order to analyze the initial collagen organization and then the fibrosis. The lung alveolar inflammation and PF were scaled by the HE staining and the Trichrome Masson\'s staining as described by the previous study of Szapiel [@B21]. Three independent pathologists undertook the histological examination and applied the scoring system in a blinded fashion.

Immunohistochemical staining analyses
-------------------------------------

Lung sections of 4-μm were prepared and deparaffinized, rehydrated, and blocked by incubating in 0.3% H~2~O~2~for 30 min. After antigen retrieval was performed the slides were incubated for 1 h with normal goat serum, and then incubated with TGF-β1 mouse monoclonal antibody, ACE-2 mouse monoclonal antibody, and ANG-(1-7) mouse monoclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at 4 ℃ overnight. After washed in phosphate buffered saline (PBS), the tissues were incubated with corresponding antibody for 30 min at 37 ℃. Diaminobenzidine (DAB) signal detection method was performed for 8 min at room temperature. Negative controls were performed using mouse serum as the primary antibody. Positive staining was colored in deep brown. All sections were evaluated using an Olympus BX50 optical microscope equipped with an image analysis program (Image Pro Plus version 6.0, Immagini e Computer, Milan, Italy) and analyzed quantitatively. The integrated optical density (IOD) was calculated for arbitrary areas, measuring in 10 fields for each sample using a 40× objective.

Western-blot assays
-------------------

The rat lung tissues were homogenated using liquid nitrogen, and total lysates were obtained from rat lung tissue by RIPA lysis buffer (Beyotime Inc, Jiangsu, China). Equivalent amounts of protein (30 μg) of each sample were separated by electrophoresis using 12% SDS-polyacrylamide gels. After being transferred onto 0.22 μM nitrocellulose filter membranes and blocked in 5% skimmed milk, the bands were then incubated with the corresponding primary antibodies (ACE-2, TGF-β).

Reverse-transcription polymerase chain reaction (RT-PCR) investigation
----------------------------------------------------------------------

Total RNA of rat lung tissue was extracted by using Trizol agent (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized by a M-MLV reverse transcripase kits (BestBio Inc, Shanghai, China) from 2.5 µg per sample of total RNA according to the manufacturer\'s instructions. The primer pairs were designed by primer premier 5 (PREMIER Biosoft International, Palo Alto CA, USA), and original information of cDNA were aligned in the GeneBank. The primers were checked and synthesized by Genescript Company (Nangjing, China). The primer pairs for TGFβ1 are GAAGACATGACCCTGCTGGTGA (forward chain) and CTGGTGCTCTGGGCACTTGA (reverse chain); ACE-2 are AATCGTAGGCTCTGGGCTTGG (forward chain) and TTCGATCAACTGGTTTCGGTTGTA (reverse chain).

ELISA assays
------------

The concentrations of ANG-(1-7) in lung tissue were measured using ELISA kits (R&D Systems Inc., MN, USA) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

Data are expressed as mean ± SD, and statistical analysis was performed with analysis of variance (ANOVA). A statistical difference was accepted as significant if *P* \< 0.05.

Results
=======

TIIA treatment attenuated BLM-induced lung injury, inflammation, and pulmonary fibrosis
---------------------------------------------------------------------------------------

According to the evaluating scale, BLM exposure resulted in significant drop of rat weight, and notable increase of lung coefficient compared to that of control group (\* *P*\<0.05, Table [1](#T1){ref-type="table"}). However, TIIA treatment significantly reversed the drop of weight and increase of lung coefficient of rats (\# *P*\<0.05 vs BLM group, Table [1](#T1){ref-type="table"}).

The HE staining showed that intact and clear alveoli, normal interstitium, few inflammatory cells were observed in the lungs of control group at each time point (Fig. [1](#F1){ref-type="fig"}). However, BLM administration caused progressive lung injury, demonstrating as destruction of lung alveoli, inflammatory cells infiltration, and thickening of lung interstitium with time extension (\*\* *P*\<0.01 vs Control group, Table [2](#T2){ref-type="table"} and Fig. [1](#F1){ref-type="fig"}). TIIA treatment prevented those changes in rat lungs of administered with BLM (\# *P*\<0.05 vs BLM group, Table [2](#T2){ref-type="table"} and Fig. [1](#F1){ref-type="fig"}).

The Trichrome Masson\'s staining also showed that intact alveoli, normal interstitium in the lungs of control group at each time point (Fig. [2](#F2){ref-type="fig"}). BLM administration resulted in gradually exacerbated lung alveoli destruction, interstitium thickening, and fibroblasts diffusion in rat lungs (\*\* *P*\<0.01 vs Control group, Table [2](#T2){ref-type="table"} and Fig. [2](#F2){ref-type="fig"}), and TIIA treatment significantly halted those changes in rat lungs after BLM administration at each time point (\# *P*\<0.05 vs BLM group, Table [2](#T2){ref-type="table"} and Fig. [2](#F2){ref-type="fig"}).

The sirius red staining exhibited that most of the collagen fibers was type I (stained in orange to red color), and very few type III collagen fibers (stained in yellow to green color) was found in the rat lungs of control group (Fig. [3](#F3){ref-type="fig"}). There were no significant changes between each time point. However, BLM resulted in more and more accumulation of type III collagen fibers all over the rat lungs with time elapsing (\*\* *P*\<0.01 vs Control group, Table [3](#T3){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}), and TIIA treatment significantly alleviated those changes (\# *P*\<0.05 vs BLM group, Table [3](#T3){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}).

TIIA treatment up-regulated ACE-2 expression in rat lungs after BLM administration
----------------------------------------------------------------------------------

As the immunohistochemical staining showed that BLM resulted in significant decrease expression of ACE-2 in rat lungs compared to those of control group at the endpoint of 28 days (*P*\<0.01, Fig. [4](#F4){ref-type="fig"}A, A\'). TIIA treatment greatly up-regulated expression of ACE-2 in rat lungs versus that of BLM administered group (*P*\<0.01, Fig. [4](#F4){ref-type="fig"}A, A\').

The protein levels of ACE-2 were further verified by WB assays. As the data showed that the protein levels of ACE-2 were dramatically lessened after BLM administration (Fig. [4](#F4){ref-type="fig"}B). However, TIIA treatment greatly reversed the lowered ACE-2 expression (Fig. [4](#F4){ref-type="fig"}B).

Similar with the protein expression of ACE-2 in rat lungs, the mRNA level of ACE-2 was also notably decreased after administration of BLM compared with that of control group (*P*\<0.05, Fig. [4](#F4){ref-type="fig"}C). However, TIIA treatment significantly augmented the expression of ACE-2 mRNA in rat lungs (*P*\<0.01, Fig. [4](#F4){ref-type="fig"}C).

Tanshinone IIA treatment increased ANG-(1-7) protein expression in rat lungs after BLM administration
-----------------------------------------------------------------------------------------------------

BLM administration resulted in notable decreased ANG-(1-7) expression in rat lungs compared with the control group at the endpoint of 28 days (\* *P*\<0.05, Fig. [5](#F5){ref-type="fig"}A, A\'). Yet TIIA treatment obviously increased expression of ANG-(1-7) after BLM administration (*P*\<0.01, vs BLM group, Fig. [5](#F5){ref-type="fig"}A, A\').

ELISA assays verified that BLM administration contributed decrease of ANG-(1-7) level in rat lungs (*P*\<0.05, vs control group, Fig. [5](#F5){ref-type="fig"}B). However, TIIA treatment reversed the decreased expression of ANG-(1-7) (*P*\<0.01, vs BLM group, Fig. [5](#F5){ref-type="fig"}B).

TIIA treatment decreased TGF-β1 expression in rat lungs after BLM administration
--------------------------------------------------------------------------------

BLM administration evidently increased the protein levels of TGF-β1 compared with the control group in rat lungs at the endpoint of 28 days (*P*\<0.01, Fig.[6](#F6){ref-type="fig"}A, A\'); however, TIIA treatment significantly reduced its expression (*P*\<0.01, vs BLM group, Fig. [6](#F6){ref-type="fig"}A, A\').

The protein levels of TGF-β1 were further verified by WB assays. The data showed that the protein levels of TGF-β1 were dramatically elevated after BLM administration (Fig. [6](#F6){ref-type="fig"}B). However, TIIA treatment greatly inhibited TGF-β1 expression (Fig. [6](#F6){ref-type="fig"}B). Similarly, BLM administration evidently increased the mRNA level of TGF-β1 in rat lungs (*P*\<0.01, vs control group, Fig. [6](#F6){ref-type="fig"}C), and TIIA treatment significantly reduced its expression (*P*\<0.05, vs BLM group, Fig. [6](#F6){ref-type="fig"}C).

Discussion
==========

In the present study we examined the protective effects of TIIA on a BLM induced PF model of rats. BLM administration resulted in progressive and significant inflammation, exacerbated fibrosis, and severe alveolar destruction in rat lungs. In addition, significant decrease of ACE-2, ANG-(1-7), and elevation of TGF-β1 were also found in rat lungs after BLM exposure. However, TIIA treatment notably halted BLM induced PF and inflammation, decreased exaggeration of TGF-β1, and reversed reduction of ACE-2 and ANG-(1-7) in rat lungs. Overall, our results suggested a protective role of TIIA on BLM induced PF in rats. The ACE-2/ANG-(1-7) axis may answer for the protective role of TIIA.

PF is a common response to lung injuries induced by various etiologies. The etiologies include IPF, acute respiratory distress syndrome (ARDS), sarcoidosis, and irradiation-related pneumonitis etc. Interstitial fibrosis is characterized by exaggerated deposition of extracellular matrix proteins in the lung [@B22]. The endothelial and epithelial cells damages due to the lung injury, accumulation of inflammatory cells, and the subsequent increasing production of inflammatory mediators, all together promotes fibroblasts activation and proliferation during the pathogenesis of PF. PF induced exacerbated proliferation of fibroblasts, connective tissue expansion, and alveolar destruction gradually lead to functional loss of lungs.

Being an intractable disease, PF has a low survival time after diagnosis and no effective therapies till today. With further understanding of this disease, recent aims for treating PF have shifted from reversing the development to slowing or halting the progression of this chronic fibrotic disease [@B23]. As is well known that TGF-β1 is amplified after lung injury, and plays a key promoter involved in the conversion of fibroblasts to myofibroblasts, transformation of epithelial cells into myofbroblasts (epithelial-mesenchymal transition), protection of myofbroblasts from apoptosis, and accumulation of collagen during the progression of PF [@B24]. Studies have demonstrated increased TGF-β1 levels in lungs after BLM exposure [@B25], [@B26]. A monoclonal antibody has been demonstrated to be effective in blocking murine fibrosis by partial inhibition of TGF-β1 without exacerbating inflammation [@B27]. Gene therapy methods have revealed more choices for attenuating fibrogenesis by direct or indirect blocking TGF-β1 signaling pathway [@B28], [@B29]. In the present study, endotracheal instillation of BLM induced a severe PF together with a dramatic increase of TGF-β1 expression, demonstrated as accumulation of interstitial lung collagen. Collagen deposition was obviously decreased by TIIA treatment. In line with these studies, we also observed increased lung mRNA levels of TGF-β1 after BLM instillation, which was significantly reduced by TIIA treatment.

ACE-2, a homologue of ACE, was identified in 2000, which finding evoked a new complexity to the RAS [@B30]. Despite the similar functions as ACE, ACE-2 has different substrates [@B30], [@B31]. Previous studies revealed that ACE-2 may negatively regulate the RAS, and counterbalance the functions of ACE [@B32]. Another study also demonstrates ACE-2 plays a negative regulatory role for severity of lung edema and acute lung failure [@B13]. Moreover, decreased pulmonary ACE-2 activity related with BLM induced lung injury has been reported in both animal and human studies [@B15], [@B33]. Our study showed that BLM induced decreased ACE-2 levels in rat lungs, which is consistent with the previous studies. Moreover, TIIA treatment reversed the lowered expression of ACE-2 levels both by immunohistochemical and WB assays. Additionally, the mRNA levels of ACE-2 were also significantly lowered after BLM exposure, which is also in agreement with the study mentioned above.

ANG-(1-7) is generated from a single residue cleaved by ACE-2 from ANG II [@B34], and then ANG-(1-7) could resist many of the effects of Ang II and also potentiate bradykinin action and subsequent nitric-oxide-dependent vasodilation. Studies have demonstrated that ANG-(1-7) and ACE-2 can reduce TGF-β1 levels in cultured fibroblast [@B35], [@B36]. Thus, methods of increasing ACE-2 or ANG-(1-7) expression may exert resisting effects on development of PF. Similar with the expression of ACE-2, the expression of ANG-(1-7) also decreased after BLM treatment in the current study. TIIA treatment significantly prevented the decrease of ANG-(1-7) expression, in the company of alleviation of collagen deposition and fibrosis.

Recent studies have unfolded some promising pharmaceutical drugs on treating PF [@B37], [@B38]. Ryo et al showed that a newly developed drug, pirfenidone, exerts protective effects on patients with mild-to-severe and/or progressive IPF [@B39]. Though there is a long way to go; we have seen the light before us.

In summary, the present study further explored the protective effects and mechanisms of TIIA on PF models of rat. TIIA may exert protective effects on BLM induced PF, and the ACE-2/ANG-(1-7) axis may answer for those protective effects. The present study may further our knowledge and offer basic information for clinical treating strategies on PF.
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![Histopathological changes of lung tissue of rats in different group at different time (HE staining, ×200). BLM=bleomycin; TIIA=tanshinone IIA. Scale bars=50 μm.](ijmsv11p0578g001){#F1}

![Collagen desposition of lung tissue of rats in different group at different time (Masson staining, ×200). BLM=bleomycin; TIIA=tanshinone IIA. Scale bars=50 μm.](ijmsv11p0578g002){#F2}

![Collagen fibers of lung tissue of rats stained with sirius red and observed by polarized light optics in different group at different time (×200), Type I collagen fibers are detected as orange to red, whereas the type III collagen fibers appear yellow to green. BLM=bleomycin; TIIA=tanshinone IIA.](ijmsv11p0578g003){#F3}

![ACE2 immunohistochemical analysis of lung tissue of rats in different group at 28 days. (A) Expression of ACE2 determined by immunohistochemical staining with ACE2 antibody: (a) Control group (b) BLM group (c) BLM+TIIA group. (A\'): IOD values of ACE2 staining. \* \**P* \<0.01 vs control group, \#\# *P*\<0.01 vs BLM group. (B): Representative WB assays of ACE2 protein expression in rat lungs of different group at 28 days. (C): ACE2 mRNA expression of lung tissue of rats in different group at 28 days, \* *P*\<0.05 vs control group, \#\# *P*\<0.01 vs BLM group. IOD=integrated optical density; BLM=bleomycin; WB=western blot; TIIA= TIIA. Scale bars=50 μm.](ijmsv11p0578g004){#F4}

![Ang-(1-7) immunohistochemical analysis of lung tissue of rats in different group at 28 days. (A) Expression of Ang-(1-7) determined by immunohistochemical staining with Ang-(1-7) antibody: (a) Control group (b) BLM group (c) BLM+TIIA group; (A\') IOD values of Ang-(1-7) staining. \* *P*\< 0.05 vs control group, \#\# *P* \< 0.01 vs BLM group. (B) ELISA assays of Ang-(1-7) protein expression of lung tissue of rats in different group at 28 days, \* *P* \<0.05 vs control group, \#\# *P*\< 0.01 vs BLM group. IOD=integrated optical density; BLM=bleomycin; TIIA= TIIA. Scale bars=50 μm.](ijmsv11p0578g005){#F5}

![TGF-β immunohistochemical analysis of lung tissue of rats in different group at 28 day. (A) Expression of TGF-β determined by immunohistochemical staining with TGF-βantibody: (a) Control group (b) BLM group (c) BLM+TIIA group; (A\') IOD values of TGF-β staining. \*\* *P* \<0.01 vs control group, \#\# *P*\<0.01 vs BLM group. (B) Representative WB assays of TGF-β protein expression in rat lungs of different group at 28 days. (C) TGF-β mRNA expression of lung tissue of rats in different group at 28 day, \*\* *P*\<0.01 vs control group, \# *P*\< 0.05 vs BLM group. IOD=integrated optical density; BLM=bleomycin; WB=western blot; TIIA= TIIA. Scale bars=50 μm.](ijmsv11p0578g006){#F6}

###### 

Changes of weight and lung coefficient between each group of rat. \* *P\<*0.05 vs Control group; \#*P\<*0.05 vs BLM group.

             Weight (g)     Lung coefficient (mg/g)                                                  
  ---------- -------------- ------------------------- -------------- --------------- --------------- ---------------
  Control    181 ± 8.59     219 ± 6.34                245 ± 7.23     3.62 ± 0.13     3.24 ± 0.21     4.08 ± 0.27
  BLM        173 ± 8.03\*   180 ± 9.76\*              192 ± 8.01\*   4.55 ± 0.24\*   7.34 ± 0.45\*   8.56 ± 0.39\*
  BLM+TIIA   175 ± 7.28\#   205 ± 8.54\#              220 ± 7.33\#   3.45 ± 0.19\#   5.05 ± 0.33\#   5.89 ± 0.56\#

###### 

Alveolar inflammation and pulmonary fibrosis changes analyses. \*\**P*\<0.01 vs Control group; \# *P*\<0.05 vs BLM group.

             Alveolar inflammation   Pulmonary fibrosis                                                   
  ---------- ----------------------- -------------------- --------------- --------------- --------------- ---------------
  Control    0.00±0.00               0.05±0.008           0.03±0.007      0.04±0.005      0.06±0.003      0.03±0.001
  BLM        2.51±+0.20\*\*          4.15±0.51\*\*        6.75±0.49\*\*   1.04±0.18\*\*   3.94±0.37\*\*   5.42±0.32\*\*
  BLM+TIIA   1.63±0.09\#             2.54±0.43\#          3.07±0.21\#     0.83±0.07\#     2.45±0.19\#     3.42±0.27\#

###### 

Collegan contents analyses. \*\**P\<*0.05 vs Control group; \# *P\<*0.05 vs BLM group.

             Collegan I      Collegan III                                                    
  ---------- --------------- --------------- --------------- --------------- --------------- ---------------
  Control    0.09±0.008      0.10±0.01       0.13±0.01       0.05±0.009      0.07±0.006      0.08±0.005
  BLM        0.22±0.02\*\*   0.54±0.07\*\*   0.65±0.03\*\*   0.12±0.02\*\*   0.32±0.05\*\*   0.97±0.04\*\*
  BLM+TIIA   0.16±0.03\#     0.33±0.04\#     0.41±0.02\#     0.10±0.002      0.24±0.04\#     0.53±0.07\#

[^1]: \* Contributed equally to the study.

[^2]: Competing Interests: The authors have declared that no competing interest exists.
